Gene flow is a potential concern associated with the use of transgenic crops because it could affect genetic diversity of related landraces and wild relatives. This concern has taken on added importance with the looming introduction of transgenic crops in centers of crop domestication (Mexico, China) and those producing pharmaceutical compounds. For gene flow to take place among cultivars and their wild relatives, several steps have to be fulfilled, including the presence of cultivars or wild relatives within pollen or seed dispersal range, the ability to produce viable and fertile hybrids, at least partial overlap in flowering time, actual gene flow by pollen or seed, and the establishment of crop genes in the domesticated or wild recipient populations. In contrast with domestication genes, which often make crops less adapted to natural ecosystems, transgenes frequently represent gains of function, which might release wild relatives from constraints that limit their fitness. In most sexually reproducing organisms, the chromosomal region affected by selection of a single gene amounts to a small percentage of the total genome size. Because of gene flow, the level of genetic diversity present in the domesticated gene pool becomes a crucial factor affecting the genetic diversity of the wild gene pool. For some crops, such as cotton and maize, the introduction of transgenic technologies has led to a consolidation of the seed industry and a reduction in the diversity of the elite crop gene pool. Thus, diversity in improved varieties grown by farmers needs to be monitored. Several areas deserve further study, such as the actual magnitude of gene flow and its determinants in different agroecosystems, the long-term effects of gene flow on genetic diversity both across gene pools and within genomes, the expression of transgenes in new genetic backgrounds, and the effects of socio-economic factors on genetic diversity.
INTRODUCTION
Gene flow leading to the escape of transgenes is often cited as a potential concern associated with the introduction of transgenic cultivars (Goodman and Newell, 1985; Ellstrand, 2001; Snow, 2002) . Consequences and concerns of gene flow mainly include the potential change (increase) in fitness of wild relatives and the concomitant risk of increased weediness, the loss of herbicide resistance as a tool to protect the crop from closely related weeds, and the effects on the genetic identity and diversity of sexually compatible relatives. The latter concern has taken on added urgency with the presence of transgenic maize in Mexico, its center of origin and diversity (Quist and Chapela, 2001; 2002) , and the possible commercial release of rice and soybean in China (Huang et al., 2002) , which is the center of domestication of these two crops (Gepts, 2001) . Centers of origin and diversity often contain crop landraces with a wide array of phenotypic diversity, as well as wild progenitors and related wild species. This genetic diversity is the capital for current and future improvement of crop plants. Numerous P. Gepts and R. Papa factors impinge on the continued survival of this genetic diversity, including biological and anthropic factors. In this review, we discuss some issues related to one of these factors influencing genetic diversity, namely gene flow.
Biodiversity refers to the amazing array of organisms present on earth. The Convention on Biological Diversity in its Article 2 defines biological diversity as "the variability of living organisms of all types, including, among others, terrestrial ecosystems, marine and other aquatic ecosystems, and the ecological complexes to which they belong; this also includes diversity within species, between species and ecosystems" (Convention on Biological Diversity, 1992) . Increasingly, biodiversity also includes human cultural diversity, including languages, religions, ideologies, artistic heritages, domesticated plants and animals, etc. (Albagli, 2002; Brush, 1995) . From the standpoint of crop gene flow, it is mainly the diversity within species as well as that between the crop and closely related species that is relevant for this discussion.
It is beyond the scope of this review to examine the importance of biodiversity in general. The reader is referred to other sources for an in-depth discussion on the importance of biodiversity, its role in ecosystem function, and its conservation (Convention on Biological Diversity, 1992; Heywood et al., 1995; Loreau et al., 2002; Wood and Lenné, 1999) .
CROP GENETIC DIVERSITY AND ITS CHARACTERIZATION
The importance of the genetic diversity of crops can be examined from two different perspectives. From one perspective, genetic diversity may be a necessary condition to achieve high productivity and yield stability. From the other perspective, genetic diversity is the raw material used by plant breeders over the long term to develop improved plant varieties. In agroecosystems, diversity -in a simplified version compared to natural ecosystems -also leads to higher total yields. This is illustrated by the many types of multiple cropping and agroforestry systems in use in the world, mainly in developing countries in subsistence-agriculture settings (Beets, 1982; Francis, 1986) . In these systems, careful choice of the genotypes of the individual crops and the actual planting arrangements (e.g., density, planting time) can lead to a cropping system where the total biomass produced is larger than the sum of the biomasses of the individual components grown in monoculture. Plant breeders have selected genotypes specifically for high productivity under these multiple cropping conditions (Francis, 1985) . Recently, Zhu et al. (2000) showed that a simple mixture of rice varieties (Oryza sativa L.) was effective in limiting the infection of rice blast (Magnaporthe grisea (Hebert) Barr.) compared to a rice monoculture in China, thus preventing the need of a fungicide treatment. However, the results are mixed, as illustrated by those of Schultheis et al. (1997) in cucumber (Cucumis sativus L.) showing that only a very specific pair of cultivars yielded more than either of the components individually. In developing countries, nevertheless, farmers may grow mixtures of plant varieties (e.g., Martin and Adams, 1987a; 1987b ) not only to maximize yield, but also to satisfy different needs, such as different types of culinary preparations or other uses, and to minimize risk.
The second perspective on genetic diversity deals with the utilitarian aspect of genetic resources in breeding. Until the advent of plant transformation technologies, access to genetic diversity in breeding programs was limited by sexual incompatibility. Plant breeders recognized three major gene pools based on the degree of sexual compatibility (Fig. 1; Gepts, 2000; Harlan and de Wet, 1971) . Crosses within the primary gene pool, which includes the crop and its wild progenitor, do not encounter any reproductive isolation, in contrast to crosses between the primary gene pool, on one hand, and the secondary and tertiary gene pools, on the other. Plant breeders have traditionally emphasized closely related, well-adapted domesticated materials within the primary gene pool as sources of genetic diversity (e.g., Kelly et al., 1998) . More recently, however, plant transformation and genomics have led to a fourth gene pool. Transgenesis allows us to bypass sexual incompatibility barriers altogether and introduce new genes into existing cultivars. It should be emphasized here that the major function of transgenic technologies is not the creation of new cultivars but the generation of new gene combinations that can be used in breeding programs (Gepts, 2002) . Comparative genomics provides the means to identify sequences in a crop of agronomic interest based on homology of DNA sequences, transcription patterns, etc., with similar data in model systems such as Arabidopsis (Arabidopsis thaliana (L.) Heynh.) and rice (Gepts, 2000) .
Over the last few decades, awareness of the rich diversity of exotic or wild germplasm has increased. This has lead to a more intensive use of this germplasm in breeding (Frey, 1975; Rick, 1982; Stalker, 1980) . The use of molecular markers has facilitated the identification of genes of agronomic interest in wild germplasm through the dissection of quantitative traits using linkage-mapbased approaches (Tanksley and McCouch, 1997) . The same technology helps transfer these genes into superior varieties and accelerates the whole breeding process. Thus, genetic diversity of crop relatives is an increasingly accessible resource that needs to be protected for current and future use. A necessary condition for any genetic diversity study is the availability of adequate plant material. Large germplasm collections exist internationally. However, these can only provide the materials for certain types of experiments or hypotheses, such as germplasmwide analyses of diversity. For other experiments, such as comparisons of genetic diversity in relation to specific spatial distribution patterns, special surveys and collections have to be conducted.
Characterization of genetic diversity of organisms can be achieved with phenotypic traits and molecular markers, which may not always be correlated (Reed and Frankham, 2001) . Phenotypic traits have the advantage that they may be directly related to the fitness of the populations and usefulness for plant breeding. A thorough evaluation of these traits, however, requires multi-location, multi-year trials to account for environmental effects and genotype × environment interactions. There currently exists a wide range of molecular markers that can be used to characterize genetic diversity, each with its own set of advantages and disadvantages. Many of these classes of markers, such as RAPDs and AFLPs, require little prior genetic knowledge of the species of interest. Microsatellite markers are very attractive for gene flow studies given the high level of polymorphism and their co-dominance (Rafalski and Tingey, 1993) . It is becoming increasingly easy to develop these types of markers genomic libraries developed specifically for this purpose (Zane et al., 2002) . Furthermore, genomics efforts in major crops -such as expressed sequence tag (EST) developmentalso provide microsatellites (e.g., Marek et al., 2001 ) and candidate genes for specific phenotypic traits (e.g., maize, Zea mays L.: Wang et al., 1999; common bean, Phaseolus vulgaris L.: Geffroy et al., 1999; 2000) . Assessing diversity with actual genes responsible for evolutionarily important traits affecting fitness, such as reproduction, growth habit, resistance to diseases, and tolerance to abiotic stresses, may assist in improving the correlation between molecular and phenotypic analyses of genetic diversity.
Joint analyses of molecular and phenotypic diversity, as well as attempts at predicting the breeding value for different phenotypic traits depending on the molecular marker diversity or genotype of the parents, generally show a poor correlation between the two types of data (Reed and Frankham, 2001; McKay and Latta, 2002) . This situation can be attributed to a variety of reasons, principally the lack of tight linkage between molecular markers (mainly neutral) and genes coding for phenotypic traits that may be subjected to selection. Other possible reasons include the lack of correspondence in gene action between phenotypic traits (additive, dominance, or epistatic actions) and molecular markers (indirect measure of additive gene action), differences in heritability (low to high for phenotypic traits vs. high for molecular markers), mutation rate and mutational input (high for polygenic phenotypic traits vs. low for molecular Figure 1 . Crop gene pools as sources of genetic diversity for breeding purposes (from Gepts, 2000) . Information from other genes refers to comparative genomic information on gene order and DNA sequence of homologous genes. markers). Various authors have therefore proposed to assess, and select for, genetic diversity by analyzing genes directly involved in the traits of interest. Such studies include those of Delaney and Bliss (1991a; 1991b) on selection for seed protein, of van Tienderen et al. (2002) on "ecologically important" traits such as disease resistance, stress tolerance, growth rate, morphology and lifehistory traits, and Whitt et al. (2002) for genes coding enzymes of the starch metabolism pathway.
THE EFFECT ON GENETIC DIVERSITY OF GENE FLOW AMONG DOMESTICATED GENOTYPES AND BETWEEN DOMESTICATED GENOTYPES AND THEIR WILD RELATIVES
As shown in Figure 1 , crops generally belong to the same biological species as their wild progenitor (gene pool I). Thus, they can cross easily with these progenitors. Moreover, their progenies are viable and fertile. A survey of the 13 most important crops on a worldwide basis showed 12 of these crops hybridized with their wild progenitors (Ellstrand et al., 1999; Hancock et al., 1996) . The phenomenon is therefore widespread and has likely existed since the origins of agriculture some 10 000 years ago. Moreover, progenies of domesticated × wild crosses are often viable and fertile and can even show hybrid vigor (Hauser et al., 1998a; 1998b; Koenig and Gepts, 1989; Singh et al., 1995; Snow et al., 1998) . Identification of hybrids is based on morphological markers but increasingly also on molecular markers, which provide a much larger number of markers (Linder et al., 1998; Singh et al., 1991) . The development of "pharming" crops, transformed with genes coding for pharmaceuticals (Schünmann et al., 2002; Stoger et al., 2000) , has raised concerns over the escape by gene flow of those genes into other varieties of the crop. This is of special concern as the crop used in pharming are often food crops such as maize. Although this issue is not directly related to genetic diversity per se, it does arise from gene flow.
From the perspective of this discussion, gene flow from transgenic cultivars to landraces in centers of domestication is of particular importance. Recent articles by Quist and Chapela (2001; 2002) raise this important issue for maize in Mexico. They reported two controversial findings. First, they identified transgenic sequences in landraces of the state of Oaxaca, Mexico. These sequences were homologous to the 35S promoter of Cauliflower Mosaic Virus, which is often used in transgene constructs because it provides high levels of constitutive gene expression throughout the plant. Second, they suggested that presumed rearrangements of transgene sequences at the insertion site in the maize genome or translocations of transgene sequences from the insertion site to other sites of the maize genome had taken place. The first finding is now generally accepted as being in the realm of possibilities given the importations of maize from the USA into Mexico and the sale of such maize for human consumption in official Mexican government stores (see next to last section of this review). Confirmatory evidence for the second finding is lacking so far. Given the importance of the topic, further research is needed to document the extent of the introgression phenomenon, the possibility of transgene rearrangement and instability, and any effectpositive or negative -of transgenes on Mexican corn landraces and their wild relative teosinte.
Clearly, these issues can be extended to all crops in their respective centers of domestication (for a list of crops and their centers of domestication, see Gepts n.d.). With regard to genetic diversity, the wild progenitors of crops are potentially of more concern because it is now well established that they contain more diversity than their respective crops. Domestication has induced marked bottlenecks in genetic diversity in most, if not all, crops analyzed (Doebley, 1992; Gepts, 1993) . Therefore, there is an untapped reservoir of genetic diversity among the wild progenitors of crop plants. It is this reservoir that may potentially be more threatened by gene flow with domesticated types, whether transgenic or not. Figure 2 illustrates the complexity of experimentation that needs to be conducted to determine whether gene flow from a transgenic crop to its wild relative leads to long-term transgene escape (i.e., whether the transgene will effectively introgress into the wild population). Gene flow can be conceived of as a series of successive steps, each of which is necessary for the next step to occur, until transgenes become established (lower box in Fig. 2 ). For a more detailed analysis of some of the steps in this process, see the review by Jenczewski et al. (2003) . Each of these steps can be investigated with a series of experiments. The flow of experiments illustrated here is an oversimplification for several reasons. Each step actually consists of several experiments that may take several years. In addition, the outcome is most likely not a yes or a no as pictured here, but rather a quantitative response, such as a frequency reflecting fine-scale genetic and environmental circumstances.
The different steps to consider are the following:
(1) Wild relatives: To have transgene escape to wild relatives, these have to grow within pollen/seed dispersal range of the transgenic crops. Many crops in most regions of the world have been exported from their respective centers of origin (for examples, see http://agronomy.ucdavis.edu/gepts/pb143/lec10/pb143l10.htm). Hence, they will not generally have close wild relatives in most of their areas of cultivation. For example, maize, cotton (Gossypium hirsutum L.), and soybean (Glycine max L.) have no close wild relatives in the USA because the former two were domesticated in Mexico or South America, and the latter one in China. In addition, they have no related weeds in the USA. On the other hand, sunflower (Helianthus annuus L.) and strawberries (Fragaria ananassa Douch.) have wild relatives in the USA, which is their center of origin. In other cases, wild related species different from the wild progenitors are present in areas of crop introduction (e.g., Gossypium spp. related to cotton in Australia and johnsongrass, Sorghum halepense (L.) Persoon in North America and Europe). The rice and sorghum cases also illustrate that crops can have weedy, invasive relatives with a cosmopolitan distribution (e.g., red rice, Oryza sativa; johnsongrass). For these crops, potential escape of transgenes may become an issue, assuming that viable and fertile hybrids can appear (see next step). Likewise, the government of Mexico has instituted a moratorium on the deployment of transgenic maize cultivars because of uncertainties associated with the ecological effects of transgenes as these make their way not only into local maize cultivars but also into native wild maize (teosinte, especially Zea mays L. ssp. parviglumis Iltis and Doebley and mexicana Iltis and Doebley) populations. In addition, such factors as the mating system (e.g., autogamy) and the frequency of pollinators will also affect the possibility of transgene escape. Empirical data show, however, that these are not significant barriers especially when considered over large areas and multiple years as shown by results in squash, Cucurbita L. spp. (Montes-Hernández and Eguiarte, 2002) .
(2) Crosses yield viable and fertile progeny: For transgenes to escape, transgenic crops have to be able to mate with their wild relatives and these matings have to yield viable and fertile progeny. This may sound selfevident, but needs to be verified. There has to be a minimum of fertility so that the progeny can backcross to the wild progenitor to maintain the transgenes in the gene pool of the wild relative. Crops and their immediate progenitors (from which they were domesticated) both belong to Gene Pool I (Fig. 1) , and will therefore normally yield viable and fertile hybrids. In numerous crop species, exceptions have been identified. In maize, for example, the teosinte crossing barrier 1 gene (tcb1) prevents gene flow among some, but not all, populations of maize and its progenitor teosinte (Evans and Kermicle, 2001) . Thus, the geographic distribution of these specific genes should be determined to assess the risk of gene flow.
(3) In field or natural environments, a necessary, but not sufficient, condition for gene flow is synchrony, or at least a partial overlap, between crops and their wild relatives for their flowering times. It is only when these flowering times coincide that pollen from one can make its way to the pistil of the other and potentially effect fertilization.
(4) Assuming that pollen is in a position to effect fertilization, the progeny will have to have a certain degree of viability and fertility. Even a partial viability and fertility will allow transgenes to be transmitted as long as full viability and fertility is restored in subsequent generations. This could be achieved, for example, by spontaneous backcrossing of the hybrid progeny to the wild relative populations. Research into these four steps have shown that whenever these conditions are satisfied, there will almost certainly be gene flow (Ellstrand et al., 1999) .
(5) The last and most critical, and certainly most difficult, step to ascertain is the long-term survival of transgenes from domesticated populations in wild populations. This survival is dependent on a migrationselection balance (Fig. 3) . This figure posits a twoenvironment system with a single locus and two alleles. Let us assume an initial A1 allele at the A locus, which confers the same fitness in both environments, in this case a natural environment and a cultivated field. A mutation in the A1 allele generates the A2 allele, which confers a fitness advantage, s, in the cultivated environment. As an example, locus A could be a gene controlling a domestication trait, such as seed dispersal or compact growth habit. Thus, the transition from A1 to A2 could represent a change from seeds being dispersed to seeds remaining on the plant at maturity. Depending on the specific harvest system, seeds from plants without seed shattering (A2) will be harvested more readily than plants that disperse their seeds (A1). Therefore, selection favoring the lack of seed shattering and replanting of the seeds over consecutive generations will lead to an increase of the frequency of A2A2 plants and the A2 allele will come to dominate in the cultivated environment.
Let us further assume that the cultivated and wild environments are linked by gene flow, m DW from the domesticated to the wild population and m WD in the opposite direction. Wild plants carrying the A2 allele will be at a disadvantage because they will fail to disperse their seeds, hence the positive selection factor will be decreased by a factor e (Fig. 3) . Whether this negative selection will cause the A2 allele to disappear from wild populations depends on the net migration into wild populations from domesticated populations. If this migration is sufficiently high, it may replenish the wild population with A2 alleles. One can calculate a threshold value for m given s and e, above which A2 will increase in frequency to fixation (i.e., a frequency of 100%) in spite of the fact that A2 does not confer optimum adaptation. This replacement of alleles of one population by alleles of another through gene flow has been called genetic assimilation or genetic extinction (see also below). Although the A2 allele would confer less than optimal adaptation in the wild population, it would necessarily predominate by the sole virtue of the sheer magnitude of gene flow from domesticated to wild populations. This phenomenon would be further worsened when wild populations are small, a frequent occurrence for the relatives of crop plants, which suffer from habitat destruction (e.g., common bean, Phaseolus vulgaris; Debouck et al., 1993; Freyre et al., 1996) . Under these circumstances, wild populations would also be distinctly changed and could not be considered wild anymore. Below the threshold value for m mentioned earlier, the polymorphism is maintained and both A1 and A2 alleles co-exist. The preceding example considered negative selection against a domestication allele in the wild gene pool. One can also consider the effect of positive selection, which may facilitate the establishment of genes from the domesticated gene pool in the wild gene pool. An example of genes under positive selection could be genes conferring disease or pest resistance (whether they are transgenes or originate in the crop gene pool). Whether these genes are actually under positive selection in wild environments needs to be determined empirically because wild environments are inherently A recent mathematical modeling study (Haygood et al., 2003) , expanding on previous simulation studies of Huxel (1999) and Wolf et al. (1991) , provides additional insights on the conditions in which gene flow will lead to genetic assimilation. A negatively selected domesticated allele will nevertheless become fixed when the migration rate exceeds the selection coefficient. Furthermore, when a disfavored domesticated allele has been maintained at a moderate frequency, a small, even temporary, increase in immigration can lead to fixation. Genetic assimilation is aggravated by demographic swamping, a situation arising when the hybrids are less fertile than their wild parents. As the wild populations is reduced in size, its share of the total pollen mass decreases also. Alternatively, when the hybrids are more fertile than their wild parents, hybrids may become invasive. An example are aggressive weedy relatives resulting from domesticated × wild crosses in seven of the world's most important crops (Ellstrand et al., 1999) .
Finally, it should be mentioned that there is an additional form of gene flow, namely the dispersal of seeds. This dispersal can take place in a variety of ways, including mechanical (transportation, farm equipment), wind, and animals. Farmers in developing countries regularly exchange seed stocks or obtain new seed stocks from family or members of the same village (Louette et al., 1997) . In summary, gene flow can lead to the escape of transgenes to wild populations of relatives. Whether or not this actually happens and if it actually has an ecologically significant effect needs to be determined carefully, and not just assumed or dismissed with a sleight of hand.
There are remarkably few quantitative data on gene flow and its ecological impact, especially in crop species with regard to gene flow between domesticated and wild progenitor types. Crops and their wild progenitors exchange genes (Ellstrand et al., 1999) , consistent with the fact that they generally belong to the same biological species (Harlan and de Wet, 1971). However, there are few studies that compare introgression of genes from domesticated types between sympatric and allopatric populations. The few crops with information published in refereed journals include beets (Beta vulgaris L.) (Bartsch and Ellstrand, 1999; Bartsch et al., 1999) and sunflower (Helianthus annuus L.) (Linder et al., 1998) . A review of the methodology of these experiments and the conclusion that can be inferred from them are presented in Table 1 .
Examples of genetic assimilation or extinction by displacement of native allelic diversity are provided primarily by non-crop plants, including wild walnut (Juglans californica Wats. var. californica) in California (http://sandiego.sierraclub.org/rareplants/130.html; http://www.savemountwashington.org/welcome/FFWALNUT.HTM) and Catalina mountain mahogany (Cercocarpus traskiae Eastw.; Rieseberg and Gerber, 1995) 
THE EFFECT OF GENE FLOW IN THE PRESENCE OF TRANSGENES
Two aspects particularly deserve discussion. First, will the transgene be subject to selection (positive or negative) or be neutral in wild populations? Second, if it is subject to selection, what is the effect on the rest of the (Osborn et al., 1986; 1988) . This resistance was found initially only in wild populations of common bean, presumably because they had not been included in the domesticated gene pool as a consequence of the domestication genetic bottleneck in common bean (Sonnante et al., 1994) . Nevertheless, in those populations in which weevil resistance genes have been found, they do not occur at high frequencies, suggesting that there is not a high selection pressure to maintain these genes at a high frequency (although alternative explanations can be proposed as well). In contrast to domesticated beans, where large amounts of stored bean seeds facilitate the fast development of weevil populations, seeds of wild beans occur mainly individually in soil seed banks. Wild bean seed populations are therefore unable to sustain large weevil populations. In addition, weevils are host to a suite of hyperparasites and predators (Delgado Salinas et al., 1988) , which also keep weevil populations at a low density in wild populations. This example shows that genes that confer a positive selection advantage in domesticated populations (whether obtained by transgenesis or by classical plant breeding) may not necessarily do so in wild populations. Effects of crop genes on the fitness in wild populations need to be measured directly in these populations. Bartsch et al. (1996) showed that hybrid sugarbeet with transgenic virus resistance had higher productivity (fresh weight of root and leaves) than the non-transgenic hybrid in the presence of beet necrotic yellow vein virus. In the absence, there were no differences. Stewart et al. (1997) showed that defoliation of rapeseed (Brassica napus L.) caused by artificially introduced insect insectivory led to increased reproduction in favor of Bt plants. Recently, a study by Snow et al. (2003) showed that the introduction of Bt genes into wild sunflower populations resulted in increased seed production. Escape of herbicide resistance genes to populations of wild relatives, some of which are among the most noxious weeds of our major crops, such as red rice for rice and shattercane for sorghum, may mean the loss of effective herbicides, an important tool in the control of these weeds.
Whether or not a transgene will spread into wild populations depends on a number of factors, including the level of gene flow in any given growing season and in successive seasons, and the selective effect of the transgene. As pointed out in the previous section, information on the year-to-year and location-to-location variation of gene flow is rare. In addition, the selective value of a transgene in wild populations may or may not be similar to that in domesticated populations. Further considerations include the degree of dominance, the presence of epistatic interactions, and the existence of genotype × environment interactions. Depending on the magnitude of these different evolutionary factors, the situation faced by transgenes may amount to a migrationdrift or migration-selection balance.
If the transgene is subject to selection, then it may affect the rest of the genome as well. If the selection is positive (i.e., individuals containing the transgene will be favored), the genome will be subject to a selective sweep or hitchhiking at the locus and surrounding regions. If the selection is negative, the genome will be subject to background selection (Charlesworth et al., 1993) . In both cases, selection will lead to reduced diversity at the locus and adjacent regions. Both phenomena can, however, be distinguished based on the frequency spectrum of DNA sequence variants around the gene under selection, especially the presence (hitchhiking) or absence (background selection) of high-frequency variants (Charlesworth et al., 1995; Cummings and Clegg, 1998; Fay and Wu, 2000; Yi and Charlesworth, 2000) .
The size of the affected region subject to reduction in genetic diversity ("genomic window") is proportionate to s/r, where s is the selective advantage of the gene under selection and r is the level or recombination. For outcrossing individuals, characterized by high levels of heterozygosity and therefore effective recombination, the region of the genome that remains linked around the transgene can be very small (of the order of 500-10 000 bp out of a total genome size of 2.5 × 10 9 bp in maize: Bennett and Leitch, 1995; Remington et al., 2001; Wang et al., 1999) . In predominantly selfing organisms, the linked region (said to be in "linkage disequilibrium" with the transgene) will be much larger, although data are definitely lacking for plants with this type of mating system. For vegetatively propagated and apomictic plants, the entire genome is in linkage disequilibrium.
Studies of other organisms can provide insights into the effects of selective sweeps or background selection on genetic diversity. Insecticide resistance in insects is analogous to the situation of a transgene introduced in a wild population, in that a resistance gene can have a strong, positive selective value in the presence of the insecticide. The prediction that genetic diversity would be reduced around insecticide resistance genes was verified in Aedes aegypti (L.). Populations of this insect had been subjected to DDT and, subsequent to the interdiction of DDT, to organophosphate (OP) insecticides. Reduced genetic diversity and increased population differentiation was found around an OP resistance locus, but not a DDT resistance locus. The latter was presumably due to re-equilibration of the population following the discontinuation of the application of DDT (Yan et al., 1998) . Integration of the genetic and physical maps of A. aegypti (Brown et al., 2001) suggests that a marker subject to hitchhiking near the OP resistance locus (Yan et al., 1998 ) is at least 17 × 10 6 bp from the resistance locus. For comparison purposes, the size of the A. aegypti genome is around 780 × 10 6 bp (Brown et al., 2001 ). In the fruit fly Drosophila melanogaster (L.), the pattern of genetic variation across the genome reflects the occurrence of multiple selective sweeps. An example is provided by the locus coding for a sperm-specific axonemal dynein protein (Nurminsky et al., 1998) around which diversity is markedly reduced. In the Norway rat [Rattus norvegicus (Berkkenhaut)], extensive linkage disequilibrium over a region of about 11 cM (or 5% of the rat genome) in highly resistant populations has been demonstrated around a gene for resistance to the anticoagulant warfarin (Kohn et al., 2000) . Finally, it may be appropriate to consider a limited number of crop plantwild progenitor pairs that could constitute model systems for the types of experiments considered here. Such studies are under way in maize (Flint-García et al., 2003) ; however, self-pollinated crops, such as common bean and rice, also deserve attention. Recent studies in common bean have shown a highly asymmetrical gene flow between domesticated and wild types, with a predominance of gene flow from the former to the latter (Papa and Gepts, 2003) . This asymmetry may be attributed to a larger domesticated pollen mass in comparison to that of wild types, to the recessiveness of domesticated traits, and/or to stronger selection by farmers against hybrids compared with natural selection against domesticated traits in wild environments. This gene flow is accompanied by background selection as suggested by the maintenance of the domesticated and wild phenotypes in sympatric populations. Hence, wild and domesticated populations of common bean may be a useful experimental model to study the magnitude of linkage disequilibrium in a predominantly selfing species, in contrast with an outcrossing species, such as maize.
In summary, whether or not a transgene from a transgenic source population will become established in sink populations depends on many parameters, including the magnitude of the selective advantage and the migration rate, genetic drift, epistatic effects, and genotype × environment interactions. These parameters are not inherently different from those governing the fate of non-transgenes subject to gene flow, with the exception of the novelty of transgenes, which makes any prediction more difficult, given the absence of biological and ecological information on the effect of transgenes in their new genetic and environmental backgrounds. Many domestication traits are recessive and represent a loss of function. In addition, they represent adaptations to cultivated environments (Gepts, 2002) , such that fully domesticated plants cannot survive without human intervention in the wild (Darwin, 1859) . Introduction of domestication genes from non-transgenic crops is, therefore, unlikely to cause severe ecological problems unless recombination of domesticated and wild traits takes place leading to weedy hybrids. Addition of transgenic traits, such as insect resistance, may actually cause in increase in ecological amplitude by releasing wild relatives from certain constraints such as insect pests.
EFFECTS OF TRANSGENIC CULTIVARS ON GENETIC DIVERSITY IN A SOCIO-ECONOMIC CONTEXT
Transgenic technology did not appear in a vacuum, as it has been part of significant changes in the seed industry over the last twenty years. There has been a shift away from public institutions, mainly land-grant universities, in the area of plant breeding, as documented by Frey (1996) . This shift largely correlates with the advent of biotechnology, i.e., the ability to isolate, modify, and transfer genes by recombinant DNA and plant transformation technologies. Concurrently, the intellectual property regime has changed because of the Diamond vs. Chakrabarty (1980) decision of the USA Supreme Court, affirming the validity of a patent for a genetically modified Pseudomonas aeruginosa (Schroeter) bacterium. This was an important decision because it created a precedent by allowing the patenting of life forms.
The combination of the molecular technology and the capability of protecting molecular inventions has led to significant activities in the private sector in the area of genetic engineering of crop plants. To make the products available to farmers, however, private companies involved in genetic engineering have had to acquire capabilities in classical plant breeding in order to develop cultivars as vehicles to deliver the results of their genetic engineering technology, such as herbicide or insect resistance. This has been achieved by buying smaller seed companies, which had neither the financial or technological wherewithal to survive in this new environment. This has led to a situation where only five major firms now sell genetically improved seeds: Monsanto, DuPont/Pioneer, Aventis, Syngenta and Dow. These same companies account for about a quarter of total seed sales (Fulton and Giannakas, 2001 ). For example, in 1998, Monsanto and Pioneer-HiBred controled 15% and 39% of the USA maize seed market, respectively. For soybean seed, these companies controlled around 24% and 17%, respectively, of the market. For USA cotton, Delta & Pine Land and Stoneville, had 71% and 16%, respectively, of the seed market (Kalaitzandonakes and Hayenga, 2000) . In 1999, 61% of the cotton area in the USA was planted to a small number of closely related cultivars in which transgenes had been introduced, such as Deltapine 90 and DES56 (USDA Agricultural Marketing Service 1999).
The effect of this increased economic concentration on the genetic diversity of the domesticated gene pool of crops such as soybean, maize, and cotton remains to be determined, especially with regard to the diversity of the cultivars currently grown by farmers. It would come on top of previous episodes of reduction in genetic diversity, such as domestication, dissemination from centers of domestication, and classical plant breeding (Gepts, 1993; 1995) . Transgenic cultivars of some field crops now occupy a significant proportion of the acreage (Fig. 4) , raising questions about the overall level of genetic diversity in these crops. Because the domesticated gene pool represents only a fraction of the genetic diversity contained in the wild relatives (Gepts, 1993; 1995) , it remains to be determined how much genetic diversity is left in the current USA domesticated gene pool prior to the introduction of transgenic varieties, and also whether this introduction would further decrease genetic diversity. The USA soybean germplasm can be traced back to a few ancestral lines imported within the last two centuries (Kisha et al., 1998; Li et al., 2001) . The hybrid maize germplasm of the USA is based on a single heterotic combination -involving the Lancaster Sure Crop (flint) and Reid's Yellow Dent complexes (Doebley et al., 1988; Smith, 1995) .
If and when these maize hybrids are imported into Mexico, gene flow between these hybrids and native materials such as open-pollinated varieties and wild teosinte populations could presumably introduce some genetic diversity, depending on the gene flow levels and selection regime. At this stage, no comprehensive data are available in the refereed literature on the effect of gene flow between introduced and local maize germplasm in the center of origin of the crop. It is clear, however, that USA maize has been imported into Mexico in recent years (Fig. 5 ). This maize is destined for food, feed, and industrial purposes but it is not clear to what extent it is transgenic. It is also not known how much of this maize is being planted in spite of the moratorium imposed by the Mexican government.
USA maize is produced at roughly 40% of the cost of production in Mexico, and average yields vary from 1.8 tons per hectare in Mexico to 8 tons per hectare in the USA (Nadal, 2000) . The reduction in price fetched by maize in Mexico (50% between January 1994 and August 1996) because of cheap imports has led to disruptions in the farming sector in that country, including migration to urban areas and the USA The abandonment of farm employment may have deleterious effects on the genetic diversity of maize in Mexico. Sixty per cent of Mexican producers (1.8 million) use locally adapted corn varieties, covering 80 per cent of the total area under corn cultivation (Nadal, 2000) . This discussion shows that although transgenes cannot generally be directly implicated in potential losses of genetic diversity, they are part of a new socio-economic system that may have such an effect. This concern is not unique to transgenic varieties. Classically bred varieties also present this risk. Nor is this concern unique to private breeding programs; it is also present for public breeding programs. Surveys of genetic diversity present in breeding programs such as the maize program at CIMMYT are especially welcome in order to shed light on this issue (Warburton et al., 2002) .
CONCLUSIONS
This discussion provides a framework towards the determination of the potential for gene flow to affect genetic diversity in populations of crop landraces and progenitors, whether transgenes are present or not. A clear outcome of this discussion is that each case needs to be examined on its own merit. Not only the organism, but also the trait, the environment, and even the location of the transgene on the genome can affect the ultimate outcome of gene flow in each case. With regard to the environment, such a discussion on gene flow is particularly timely. Most of the transgenic crop cultivation has taken place in countries where the crops do not have sexually compatible relatives, including landraces. These countries include the USA, Canada, and Argentina. However, the introduction of transgenic maize in Mexico (Quist and Chapela, 2001; 2002) and the potential for China to authorize the commercial planting of transgenic rice and soybean (Huang et al., 2003) are of particular concern.
Several areas remain to be investigated more thoroughly in order to fully understand the impact of gene flow on the genetic diversity of crop landraces and progenitors. What are the long-term effects of gene flow on the genetic diversity of relatives, both landraces and wild populations? This will require both empirical data and modeling studies. Are there regions of the genome that are less "susceptible to invasion" by transgenes, especially with regard to genes for adaptation? What may be the unexpected effects of transgenes introduced into new genetic backgrounds, such as the increased lignification observed in Bt corn (Saxena and Stotzky, 2001) , the increased level of outcrossing in transgenic Arabidopsis thaliana (Bergelson et al., 1998) , and a decrease in bolting in transgenic beet (Bartsch et al., 2001) ? These effects could be attributed to pleiotropic effects of the transgene or position effects resulting from the specific insertion location of the transgene in the genome. Furthermore, what is the effect on stability of insertion in the genome of transgenes when these are moved into different genetic backgrounds? How have the changed socio-economic conditions (consolidation of seed companies involved in cultivar development, international trade, patenting of life forms) affected genetic diversity of crops and their landraces and wild relatives? Finally, what is the value of genetic diversity, not only from a biological, but also from a social, cultural, and esthetic standpoint (Pagiola et al., 1998) ? Although these topics have received piecemeal attention, more comprehensive studies are needed to fully understand the consequences of gene flow both with or without transgenes unless one is to live with the consequences of a "fait accompli."
